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ABSTRACT
Context. The detailed evolution of exoplanetary atmospheres has been the subject of decade-long studies. Only recently, investigations
began on the possible atmospheric mass loss caused by the activity of galactic central engines. This question has so far been explored
without using available exoplanet data.
Aims. The goal of this paper is to improve our knowledge of the erosion of exoplanetary atmospheres through radiation from super-
massive black holes (SMBHs) undergoing an active galactic nucleus (AGN) phase.
Methods. To this end, we extended the well-known energy-limited mass-loss model to include the case of radiation from AGNs. We
set the fraction of incident power  available to heat the atmosphere as either constant ( = 0.1) or flux dependent ( = (FXUV)). We
calculated the possible atmospheric mass loss for 54 known exoplanets (of which 16 are hot Jupiters residing in the Galactic bulge
and 38 are Earth-like planets (EPs)) due to radiation from the Milky Way’s (MW) central SMBH, Sagittarius A* (Sgr A*), and from
a set of 107,220 AGNs generated using the 33,350 AGNs at z < 0.5 of the Sloan Digital Sky Survey database.
Results. We found that planets in the Galactic bulge might have lost up to several Earth atmospheres in mass during the AGN phase of
Sgr A*, while the EPs are at a safe distance from Sgr A* (> 7 kpc) and have not undergone any atmospheric erosion in their lifetimes.
We also found that the MW EPs might experience a mass loss up to ∼ 15 times the Mars atmosphere over a period of 50 Myr as the
result of exposure to the cumulative extreme-UV flux FXUV from the AGNs up to z = 0.5. In both cases we found that an incorrect
choice of  can lead to significant mass loss overestimates.
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1. Introduction
The evolution of exoplanetary atmospheres has been investigated
in relation to the radiation from their host stars (see, e.g., Owen
& Alvarez 2015b; Bolmont et al. 2016; Ribas et al. 2016), as
well as from nearby supernovae and gamma-ray bursts (Dartnell
2011; Melott & Thomas 2011), but only recently has the possible
influence of the Galactic central engine on their evolution come
into focus (Balbi & Tombesi 2017; Forbes & Loeb 2018; Chen
et al. 2018).
The supermassive black hole (SMBH) at the center of the
Milky Way (MW), called Sagittarius A* (Sgr A*), has under-
gone a period of strong activity during its initial accretion phase,
some 8 Gyr ago (Franceschini et al. 1999; Ueda et al. 2014;
Brandt & Alexander 2015). Observations also suggest more re-
cent episodes of activity, for example, about 6 Myr ago (Nicastro
et al. 2016), and surprisingly even a century ago (Churazov et al.
2017). Outbursts and jets from SMBHs have also been observed
in many active galactic nuclei (AGNs), influencing both their
host galaxies and the cosmic surroundings.
The available sample of known exoplanets is dominated by
planets with volatile-rich atmospheres that are prone to erosion
by ionizing radiation, extreme-UV (EUV) and X-rays (XUV).
This provides strong motivation to investigate the long-term ef-
fect of the XUV irradiation by the neighboring AGNs on the
atmospheres of known MW exoplanets. It is of particular impor-
tance to understand all the physical factors causing possible tran-
sition from gaseous to rocky planets. Moreover, a strong influx
of ionizing radiation can affect the habitability of rocky exoplan-
ets.
Exploration of the destructive potential of AGNs on galactic
scales dates back to Clarke (1981) and Gonzalez (2005), with
the theoretical ground established by the pioneering works of
Chen & Amaro-Seoane (2015), Balbi & Tombesi (2017), Forbes
& Loeb (2018) and Chen et al. (2018). For example, Forbes &
Loeb (2018) showed that the most important source of XUV ra-
diation affecting planetary atmospheres except for a parent star
is an accreting SMBH at the center of a galaxy. Additionally,
Chen et al. (2018) calculated that at distances . 100 pc from a
galactic center, the XUV flux at 1 AU for a G-type star is typi-
cally lower than that of an active SMBH. They also argued that
the timescales of stellar activity, where the stellar XUV flux ap-
proaches that of an AGN, are disproportionately short compared
to the duration of the AGN phase. From the work done so far on
this topic, it becomes evident that even by itself, an AGN might
influence planetary atmospheres to a large extent. All previous
studies exploring the effect of AGNs on planetary atmospheres
have focused purely on the relationship between the active phase
of Sgr A* and either the Earth (Chen & Amaro-Seoane 2015),
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a generic sample of terrestrial planets (Balbi & Tombesi 2017;
Forbes & Loeb 2018), or sub-Neptunes (Chen et al. 2018) in the
MW. In terms of the wider cosmological context, Forbes & Loeb
(2018) theoretically investigated the negative feedback of indi-
vidual AGNs on the planets in the galaxies they are embedded
in.
In our study we concentrate on the analysis of two unex-
plored questions in the context of the erosive effect of the XUV
radiation from SMBHs on planetary atmospheres. The first is the
effect of Sgr A* in its active and quiescent phases on known ex-
oplanets in the MW. The second is an estimate of the cumulative
feedback of XUV radiation of all AGNs up to z = 0.5. For this
purpose, we use an extended model (Forbes & Loeb 2018; Balbi
& Tombesi 2017) that is based on the study of stellar XUV radi-
ation on planetary atmospheres.
Sgr A* has entered its active phase ∼ 8 Gyr ago (Frances-
chini et al. 1999; Ueda et al. 2014; Brandt & Alexander 2015),
and it may have lasted between ∼ 107−9 yr (Marconi et al. 2004).
While the consideration of Sgr A* and its effect on the time
evolution of planetary atmospheres is not new, studies of this
topic so far have never examined this effect on existing exo-
planet data (omitting Earth). To answer this question, we take
full advantage of the open-access exoplanet database, the Extra-
solar Planets Encyclopaedia1 (EPE), from which we extract data
on 54 exoplanets. Our data set consists of 38 Earth-like planets
(EPs) and 16 hot Jupiters residing in the Galactic bulge, found
with the Sagittarius Window Eclipsing Extrasolar Planet Search
(SWEEPS) mission (Sahu et al. 2007), henceforth referred to
as SWEEPS planets. Unlike previous studies (Chen & Amaro-
Seoane 2015; Balbi & Tombesi 2017; Forbes & Loeb 2018;
Chen et al. 2018), in addition to assuming the simplest, pure hy-
drogen (H) atmospheres for our planet sample, we also adapt
the approach of Bolmont et al. (2016) and address the mass-loss
problem with hydrogen-oxygen (H/O) atmospheres (i.e., con-
taining water (H2O)).
We would like to emphasize the second question we address
here with respect to the AGN demographic results. The Chan-
dra mission data show that ∼ 10 − 20 % (Mushotzky 2004) of
all energy radiated over the lifetime of the Universe comes from
AGNs, indicating that SMBHs must have influenced the forma-
tion of all structures in the Universe. Based on this observational
evidence, the potential cumulative effect of the nearby AGNs on
the atmospheres of MW planets should not be neglected. In ad-
dition, we perform a comparative analysis between the influence
of Sgr A* and that of surrounding AGNs in search for clues to
the exoplanet atmospheric mass loss over extended timescales.
We investigate the effect of SMBH on exoplanetary atmo-
spheric evolution, excluding additional effects from the host
stars. The atmospheric evolution of sub-Neptunian planets at
galactocentric distance of 10 pc has been investigated by Chen
et al. (2018), showing that the XUV flux from a solar-like host
star (5.6 ergs−1cm−2 at 1.0 AU and 850 ergs−1cm−2 at 0.1 AU)
is typically much lower than that from an SMBH (4 × 104erg
s−1cm−2 at 10 pc). At a distance of 1 AU the stellar radiation is
about 150 times lower than at 0.1 AU from the host star, indicat-
ing an exponential decrease of radiation.
If we assume a linear decrease of flux, then, at a distance
10 times larger, a body receives 150 times lower radiation. This
means that at about 2.5 AU, the stellar radiation would be about
∼0.14 erg s−1 cm−2 (38 times lower than at 1 AU). Moreover,
these simulations show that periods of high stellar XUV radia-
1 http://exoplanet.eu/
tion, approaching that of the SMBH, only persist for a short time
(∼ 1000 years).
In our sample all exoplanets are within 8 kpc from the Galac-
tic center. Even if we assume the XUV flux that was obtained by
Chen et al. (2018), the SMBH XUV flux would be about 0.0625
erg s−1 at 10 kpc, which is comparable to what we obtained in
our analysis. It is also very close to the limit proposed by Bol-
mont et al. (2016), who reported that planets are affected by this
radiation only when the XUV flux exceeds ∼ 0.1 erg s−1 cm−2.
In our study we do not investigate primary
(proto)atmospheres of planets. Primary atmospheres amount to
only a few percent of the total planetary mass, as in the case of
e.g. Earth. In this case Lehmer & Catling (2017) show that the
saturated flux phase of young stars (which can last for 100 Myr)
can predominantly affect protoatmospheres of young planets.
The layout of this paper is as follows. In Section 2 we in-
troduce the data sets we used in this study. We then outline our
methods in Section 3. In Section 4 we present our results, and
we discuss the implications of our work in Section 5, which is
followed by our conclusions in Section 6.
2. Data
In order to quantify the impact of AGN radiation on exoplanetary
atmospheres, we compile lists of available data on both types of
objects, as described below.
2.1. Exoplanet samples
We included known EPs in our planet sample because future ex-
oplanet projects are designed to characterize terrestrial exoplanet
atmospheres as well as to search for atmospheric constituents
considered as bio-markers (e.g., O3, H2O, and CH4 (Oze et al.
2012; Barstow et al. 2015; Livio & Silk 2017; Schwieterman
et al. 2018)). Such planets are of special interest because the
study of atmospheric erosion in relation to the activity of SMBHs
both in our galaxy and beyond it, with an emphasis on the latter,
poses new questions regarding the concept of habitability.
Because the location within the Galaxy can play an important
role in the evolution of planets, we also included the SWEEPS
planets in our sample. To date, the SWEEPS planets, with dis-
tances ∼ 0.76 kpc to Sgr A*, are the closest known exoplanets to
the Galactic center. Moreover, all of the SWEEPS planets have
previously been analyzed with respect to atmospheric mass loss
through XUV fluxes from their parent stars (Sahu et al. 2006).
However, none were considered for a study of atmospheric ero-
sion because of the XUV flux from an active or quiescent Srg
A*, even though at such close vicinity it is quite likely that the
AGN phase of the MW nucleus left a footprint on the mass con-
tent of their atmospheres.
Two important features of the Galactic environment need
some attention. First, most of the Milky Way extinction curves
are taken from stars in the solar neighborhood (within ∼ 2 kpc),
which only reflects the local properties of dust around the Sun.
Extinction curves in the Galactic center and in the outer disk
still remain uncertain because only a few, low-quality observa-
tions have been made. However, Shao et al. (2017) have shown
that the dust associated with the Galactic center sightlines could
also be considerably larger than that of the Galactic diffuse inter-
stellar medium, indicating a smaller amount of extinction. Sec-
ond, Zubko et al. (2004) and Jones et al. (2013), modeling vari-
ous dust species and grain size distributions, suggested that there
are some different dust species that fit the Milky Way extinction
curves, which can imply different extinction characteristics.
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A comment is in order with regard to the orbital motion of
planets. The solar galactocentric orbital motion has a period of
∼ 250 Myr, while we considered an XUV irradiation over a
time span of ∼ 50 Myr. This time span is just ∼ 1/5 of the Sun
galactic orbit, which implies that the majority of earthlike plan-
ets in exoplanetary systems would only travel for small fractions
of their galactic orbit during the considered period. If we assume
that stars in the Milky Way bulge are moving around the Galac-
tic center with velocities similar to our Sun, this means that stars
with an orbital period of about 50 Myr will be about five times
closer to Milky Way center than our Sun, which is on the or-
der of the orbital motion of SWEEPS stars around the Galactic
center. However, Shao et al. (2017) have shown that the dimen-
sions of dust in the Galactic center could be larger than that of
the Galactic diffuse interstellar medium (ISM), indicating that
the extinction would be weaker. The effect of encountering ISM
during the stellar galactic orbital motion is therefore not consid-
ered at our level of investigation.
To determine planetary atmospheric mass loss, specific
planet parameters are required (see Section 3.1, Equation (1)).
These are the distance to the irradiation source, which is found
from coordinates, as well as mass and radius, which are used to
determine density. For the loss of H/O atmospheres in the EP
sample, additional information is needed: parent star radius and
temperature to calculate the luminosity, and the semi-major axis
of the planet to calculate the stellar XUV flux that reaches its
atmosphere (Section 3.1.2).
2.1.1. Sample of SWEEPS planets
For our analysis we used the full SWEEPS sample, which in-
cludes 2 confirmed (SWEEPS 4 and 11) and 14 still unconfirmed
planets (Sahu et al. 2007). As shown in Table 1, Sahu et al.
(2007) obtained the masses of SWEEPS 4 and 11. However, be-
cause the remaining 14 SWEEPS planets are unconfirmed, only
their radii are determined. All of the SWEEPS planets are hot
Jupiters with orbital periods P < 10 days, which enables us to
estimate their masses with the mass-period (M-P) anticorrelation
(e.g., Mazeh et al. 2005; Henning et al. 2018) (see Appendix
A.1 for a detailed discussion). In the sample, 5 of the planets
(SWEEPS 2, 8, 10, 15, and 16) have even shorter orbital periods,
P < 1 day (Sahu et al. 2007), marking them as ultra-short hot
Jupiters. These drastically short periods imply a runaway mass-
transfer through the Roche-lobe overflow, as their orbits cross
the Roche-limit of their stars (Valsecchi et al. 2014, 2015). A
period-mass-radius (P-M-R) relation exists for planets like this
(Howell et al. 2001), which we used to determine the masses of
the ultra-short SWEEPS planets (see Appendix A.2 for details).
Here we would like to emphasize that regardless of the for-
mation mechanism, tidal dissipation in the slowly spinning host
stars causes the orbits of the tightest hot Jupiters currently known
to shrink rapidly (e.g., Rasio & Ford (1996); Sasselov (2003);
Birkby et al. (2014); Valsecchi & Rasio (2014), and references
therein). Moreover, we note that the host stars of the tightest hot
Jupiters are observed to currently rotate slowly. Eventually, hot
Jupiters may decay down to their Roche-limit separation. Nu-
merical simulations of the evolution of an exo-Jupiter with a 30
Mearth show that for the first ∼ 70 Myr, tides cause the orbit to
shrink, and the planet fills its Roche lobe (Valsecchi et al. 2015).
Valsecchi and collaborators also used the relation between pe-
riod and radius of these planets from Henning et al. (2018)
We also wish to point out that because some of the param-
eters of the SWEEPS planets are currently unknown, the above
mass estimation methods are simply our best guess for the planet
masses. For this reason, we explicitly included in our mass-loss
calculations all of the estimates (see tables 4-6 and Figure 5).
We also note that even if our estimates are not correct for the
SWEEPS planets in question, the mass loss we obtain for them
is not necessarily a meaningless result because it could be rele-
vant for some arbitrary planet in the Galactic bulge with exactly
these parameters.
The ages of all the SWEEPS planets are estimated to be ∼
10 Gyr (Sahu et al. 2007), which indicates that they have lived
through one of the most hostile events in the history of the MW,
the AGN phase of Sgr A*. At that time, these planets would have
been ∼ 2 Gyr old, therefore it is expected that they already had
fully developed atmospheres.
2.1.2. Sample of Earth-like planets
Table 3 displays data of the 38 EPs in our sample, which con-
tains ‘subterran’, ‘terran’, and ‘superterran’ planets (0.1 − 0.5
M⊕, 0.4 − 0.8 R⊕; 0.5 − 5 M⊕, 0.8 − 1.5 R⊕; and 5 − 10 M⊕,
1.5 − 2.5 R⊕ (Stern & Levison 2002)). We distinguish between
the EPs in the sample with host star ages > 8 Gyr and < 8 Gyr,
with the former already existing during the presumed activity
period of Sgr A*. Throughout this text they are referred to as
‘older planets’ and ‘younger planets’, respectively. The assump-
tion we make here is that the older planets underwent a period
of enhanced XUV irradiation from the active Sgr A*, whereas
the younger planets did not and their entire lifetime was spent
bathed in radiation from its quiescent (current) phase.
Our EP sample contains five exoplanets that are believed to
orbit within their stars’ habitable zone: LHS 1140 b (Dittmann
et al. 2017), and TRAPPIST-1 d, e, f, and g (Gillon et al. 2016;
Delrez et al. 2018; Turbet et al. 2018). That these exoplanets are
part of our sample presents an opportunity to asses the additional
factors that might influence their long-term habitability.
2.2. (z < 0.5) AGN sample
Because the radiative flux is inversely proportional to distance,
F ∝ d−2, at first-order approximation, we expect only the closest
AGNs to have an effect on the MW planets. We therefore chose
z = 0.5 as the limiting redshift. In Table 3 we show an excerpt
of the data of the AGN sample obtained from the SDSS DR 14
database, which consists of 33, 350 AGNs up to z = 0.5 (Pâris
et al. 2018; Abolfathi et al. 2018). The total of SDSS observa-
tions cover only ∼ 1/3 of the sky (Pâris et al. 2018; Abolfathi
et al. 2018). However, in this study we wish to investigate the ef-
fects of the global, full-sky distribution of the AGNs in the MW
EPs. In Section 3.2 we describe how the AGNs observed by the
SDSS were used to generate a full-sky AGN sample. The only
information regarding the AGNs that is required for our calcu-
lations are redshifts and coordinates. The coordinates and z are
necessary to determine the luminosity distances of the AGNs to
the EPs (see Section 3.1 and Appendix B). For simplicity we
used Earth’s position in the MW as a base point to calculate the
distances of the EPs to every AGN. At the megaparsec scales in-
volved in this investigation, a few parsec difference in distance
are of little consequence.
3. Methods
3.1. Atmospheric mass-loss
Atmospheric evaporation resulting from AGN XUV irradiation
should follow the energy-limited hydrodynamic escape mecha-
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Table 1. Data for the 16 SWEEPS planets.
Name M (MJ) M∗ (M) R (RJ) P (day) a (AU) dSgrA* (kpc)
SWEEPS-01 - 0.81 1.01 1.56 0.025 0.76163
SWEEPS-02 - 0.55 1.37 0.912 0.015 0.76164
SWEEPS-03 - 0.79 0.87 1.27 0.021 0.76193
SWEEPS-05 - 0.66 1.09 2.313 0.03 0.76278
SWEEPS-06 - 1.09 0.82 3.039 0.042 0.76278
SWEEPS-07 - 1.09 0.9 1.747 0.027 0.76338
SWEEPS-08 - 0.87 0.98 0.868 0.017 0.76415
SWEEPS-09 - 0.79 1.01 1.617 0.025 0.76483
SWEEPS-10 - 0.44 1.24 0.424 0.008 0.76525
SWEEPS-12 - 0.86 0.91 2.952 0.038 0.76554
SWEEPS-13 - 0.91 0.78 1.684 0.027 0.76555
SWEEPS-14 - 0.8 0.93 2.965 0.037 0.76586
SWEEPS-15 - 0.49 1.37 0.541 0.01 0.76173
SWEEPS-16 - 0.68 1.4 0.969 0.017 0.76423
SWEEPS-04 3.8 1.24 0.81 4.2 0.055 0.76193
SWEEPS-11 9.7 1.1 1.13 1.796 0.03 0.76525
Table 2. Excerpt of the table containing all the AGN data obtained from the SDSS database (Pâris et al. 2018; Abolfathi et al. 2018) in April 2018
plate fiberID mid z ra (deg) dec (deg)
648 52559 142 0.000460623 356.5987 -10.39916
1114 53179 501 0.000460623 315.226 0.5804617
7242 56628 262 0.000188514 24.12086 20.92283
845 52381 544 0.000460623 188.4821 5.718776
nism (see Balbi & Tombesi 2017; Forbes & Loeb 2018; Chen
et al. 2018). The analytical solution to the total mass lost over a
period of time t0 is given by (Murray-Clay et al. 2009)
Mlost =
FXUVpiR2p
GMp/Rp
t0 ∝ 
ρp
LXUV
D2L
t0, (1)
where Rp, Mp , and ρp are the planetary radius, mass, and den-
sity, respectively, DL is the luminosity distance2 to the source,
andG is the gravitational constant. The XUV luminosity is given
by LXUV = ηXLbol, where ηX is the high-energy photon fraction
of bolometric luminosity Lbol of a source. We chose ηX = 0.7
(Vasudevan & Fabian 2009; Lusso et al. 2012; Balbi & Tombesi
2017) for all AGNs and also for the quiescent period of SgrA*. In
the energy-limited regime the uncertainties in heating and cool-
ing are included in the efficiency parameter  (Section 3.1.1).
Interestingly, the total mass loss is ∝ ρ−1p in this model in terms
of planetary parameters.
Murray-Clay et al. (2009) found that the analytical solution
from Equation (1) is close to the result found with complex
numerical calculations, implemented into codes such as ZEUS
(Stone & Norman 1992; Hayes et al. 2006; Owen & Alvarez
2015b; Bolmont et al. 2016) or PLUTO-CLOUDY (Salz et al.
2015). We therefore implemented the analytical approach in our
work.
The energy-limited solution is applicable for XUV fluxes in
the range 0.1 6 FXUV . 103−4 erg s−1 cm−2 (Murray-Clay et al.
2009; Bolmont et al. 2016), otherwise the flow enters a differ-
ent regime and has to be treated accordingly (Murray-Clay et al.
2 The definition of DL changes on cosmological scales, therefore it is
calculated differently for Sgr A* as compared to the AGNs at z < 0.5.
In our calculations we assumed the following cosmology: H0 = 73 km
s−1 Mpc−1, Ωm = 0.27, ΩΛ = 0.73. See Appendix B for an expanded
explanation.
2009; Owen & Alvarez 2015b). In Section 4 we show that for
any of the planets in our sample, the FXUV from the AGNs ei-
ther decreases within the energy-limited range or it is too low to
induce any wind. In the case of the H/O atmospheres, the FXUV
rises to the point when the radiation-limited regime is entered
(see Section 4.2.2).
To solve Equation (1), we require the LXUV of Sgr A* and
all local AGNs. A simplifying assumption made in this work is
a quasar duty cycle for all AGNs for a timescale on the order
of the Salpeter time, that is, the mass-independent time it takes
to double the mass of a black hole in the Eddington accretion
phase (Forbes & Loeb 2018). We estimated the Eddington lu-
minosities of the AGNs with a black hole mass MBH using the
standard definition, LEdd ≈ 1.3 × 1038(MBH/M) erg s−1. Taking
the mass of Sgr A*, MBH = 3.6(±0.3) × 106M (Schödel et al.
2009), the resulting Eddington luminosity is LEdd ≈ 4.7 × 1044
erg s−1, while in its current quiescent state, its measured lumi-
nosity is surprisingly low at LSgr A* ' 10−8.5LEdd (Sabha et al.
2010). For the sample of the AGNs with z < 0.5, we assumed
black hole masses in the range MBH = 107−9M (see McLure
& Dunlop 2004, Figure 1), with which we obtained luminos-
ity ranges of LEdd = 1045−47 erg s−1. We obtained a value of
4tS = MBH/M˙BH ≈ 50 Myr for the Salpeter time of Sgr A*,
where M˙BH = (1 − BH)M˙acc is the rate of mass gained by the
black hole with mass accretion rate M˙acc and radiative efficiency
BH, which has a typical value of 0.1. We used t0 = 4tS in Equa-
tion (1), and we assumed the same accretion timescale as calcu-
lated for Sgr A* for all AGNs in our sample, where we chose to
bypass the time dilation effect applicable on cosmological scales
because the z of these AGNs is small enough to avoid causing a
significant alteration to t0 (see Appendix C for a thorough expla-
nation). The assumption of 4tS ≈ 50 Myr is consistent with nu-
merous models exploring the 4tS in the past decades (Richstone
et al. 1998; Haehnelt et al. 1998; Martini & Weinberg 2001; Hop-
kins et al. 2005).
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We note that we assume no photon losses throughout, that is,
an opacity τ = 0. This assumption clearly maximizes the atmo-
spheric mass loss that we calculate for our sample of planets. We
comment on this point in Section 3.2 in greater details.
3.1.1. Efficiency parameter 
A common approach in energy-limited escape calculations is to
use a constant value of  = 0.1 (e.g., Watson et al. 1981; Lopez
et al. 2012; Des Etangs et al. 2012). Bolmont et al. (2016) ar-
gued that in the wrong circumstances, this assumption can lead
to an overestimated atmospheric mass loss. Likewise, Owen &
Wu (2013) demonstrated that the efficiency parameter changes
with mass and radius of the planet and with the incoming XUV
flux. They also indicated that  is varies throughout planetary
evolution. We left this detail aside in our investigation because
the mass-loss timescale we are interested in is far too short to
require including the evolution of  in our calculations. The as-
sumption of H-only atmospheres also greatly simplifies the prob-
lem of atmospheric loss for various reasons. Because heating or
cooling is included in the  parameter, the wind efficiency is in-
evitably affected by complex particles. The presence of heavier
elements or molecules results in radiative and collisional cooling
of the gas (Owen & Jackson 2012; Owen & Wu 2013; Bolmont
et al. 2016).
Bolmont et al. (2016) used the models of Owen & Alvarez
(2015b) to calculate  as a function of the incoming FXUV, that
is,  = (FXUV), for a H-only atmosphere. We refer to Figure
2 of their paper, from which it is inferred that at higher fluxes,
FXUV & 0.2 erg s−1 cm−2,  reaches its maximum value of 0.1,
where it remains in the energy-limited regime, until it begins
to drop again at FXUV ≈ 450 erg s−1 cm−2. At higher fluxes, 
drops because radiative cooling increases and the wind reaches
the recombination-limited regime (Murray-Clay et al. 2009).
Conversely, at lower fluxes, the hydrodynamical wind is never
launched because the heating rate from the incoming XUV pho-
tons is simply insufficient (Bolmont et al. 2016). There exists a
minimum value of the incoming FXUV, Fmin = 0.1 erg s−1 cm−2,
at which a wind can still be induced. At this value of XUV flux,
 ≈ 0.02 (see Bolmont et al. 2016, Figure 2). Therefore, within
the range 0.02 .  6 0.1 the wind can be considered as a less
powerful in the energy-limited regime.
3.1.2. Hydrogen-oxygen atmospheres
In the investigation of the effects of XUV irradiation on H/O at-
mospheres, we adopted the method suggested by Bolmont et al.
(2016) to explore the joint escape of H and O atoms. When there
are O atoms present in the atmosphere, there is a chance that they
will be dragged along with the H atom flux out of the planet’s po-
tential. We assumed that the atmospheric content of H to O in the
atmosphere remains the same at a 2:1 ratio. This implies an enor-
mous water reservoir on the planet because this approach does
not account for the evolution of the H/O ratio (Bolmont et al.
2016). We note here that this assumption may be realistic. As an
example, wer refer to the careful analysis of Kepler data, which
revealed a bimodal planet distribution. One of these modes is re-
lated to water worlds, presumably made up of (> 25%) water
(Zeng et al. 2018).
In this approach, the mass-loss flux FM is equivalent to the
total mass-loss Mlost divided by the time of exposure to XUV
radiation t0 and the cross-sectional area of the planet 4piR2p, as
follows:
FM =
Mlost
4pit0R2p
=
3FXUV
16pit0GR2pρp
, (2)
where we kept  = 0.1. Next, the ratio rF for the escape fluxes of
the particles, FO and FH, in a hydrodynamic outflow, provided
by Hunten et al. (1987),
rF =
FO
FH
=
XOmc − mO
XHmc − mH , (3)
where XO and XH are the fractional abundances of the O and H
atoms, which we assumed to be XO = 13 and XH =
2
3 (proportion
of dissociated water), mH and mO are the mass of a single H and
O atom and mc is the cross-over mass, defined as
mc = mH +
kbTFH
bgXH
, (4)
where g is the planetary gravity, kb is the Boltzmann con-
stant, and b = 2.2 × 1019 cm−1 s−1 is the diffusion parameter
(Hunten et al. 1987). T is the temperature of the wind, gener-
ally found with 1D radiation-hydrodynamic mass-loss simula-
tions (Murray-Clay et al. 2009; Owen & Alvarez 2015b; Bol-
mont et al. 2016). For exoplanets in close orbit of their star, the
range of wind temperatures is found to lie between 3000−104 K
(Lammer et al. 2003; Murray-Clay et al. 2009; Owen & Jackson
2012; Bolmont et al. 2016).
In order to use Equations 2 and 3, we need to infer FH. Bol-
mont et al. (2016) defined the mass flux of H atoms FH as
FH =
FM + mOXO(mO − mH) bgkbT
mH + mO
XO
XH
, (5)
where for the O atoms to be dragged along with the wind, the
condition mc > mO must be fulfilled, otherwise, when mc < mO
, only H atoms escape (Bolmont et al. 2016).
To solve for FH , we need to know the temperature of the
wind T . We estimated T as the temperature due to the XUV ra-
diation TXUV reaching the planetary exosphere. As the additive
nature of flux indicates, photons from Sgr A* would contribute
to heating of the upper atmosphere and aid in mass loss. There-
fore, the XUV flux is that of the planet’s parent star in addition to
the XUV flux reaching it from Sgr A*. The scaling relation used
in order to estimate the wind temperature of the planet TXUV,p is
adapted from Lammer et al. (2003),
T sXUV, p =
(T sXUV − T sBB)eFXUV, pge
FXUV, egp
+ T sBB, p, (6)
where s = 0.7 for neutral gas, g is the acceleration due to gravi-
tation, and the subscripts e and p indicate the parameters of Earth
and the planet, respectively. The TBB is the blackbody (BB) tem-
perature, which we calculated for every planet from the com-
bined bolometric flux of the parent star and Sgr A* with
TBB =
[
F∗(1 − A)
4σ
]1/4
, (7)
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where σ is the Stefan-Boltzman constant and A is the planet
albedo, which for simplicity, we assumed to be 0. According to
observations, most hot Jupiters are quite dark at optical wave-
lengths. Rowe et al. (2008) used MOST data and derived a geo-
metric albedo of 0.038 ± 0.045 for HD 209458b. Snellen et al.
(2010) measured 0.164 ± 0.032 for CoRoT-2b, but noted that
most of this flux likely arose from optical thermal emission, not
from scattered light. Barclay et al. (2012) found based on Ke-
pler data 0.0136 ± 0.0027 for TrES-2b, currently the “darkest”
planet. The bulk of the evidence is that clouds do not have a dom-
inant role in absorption or scattering of stellar light for this class
of planets. However, there are outliers. In particular, Kepler-7b
was found to have an albedo 0.35± 0.02, likely indicating high
silicate clouds (Demory et al. 2011). Earthlike planets with a
water-covered surface and those that are completely free of ice
can be assumed to have 0.07, while the measured albedo of
Earth’s surface is about 0.13 (Godolt et al. 2016). The plane-
tary physical parametric space is huge and not well understood,
therefore we limit it to what we know from recent observations
and theoretical numerical investigations.
Equation (6) relates the TXUV of two planets of compara-
ble gas compositions (we assumed H/O atmospheres for all EPs)
to the XUV flux FXUV,p reaching their atmospheres. To deter-
mine the wind temperature of the EPs, we assumed that the wind
temperature of Earth is equivalent to the minimum temperature
Tmin required for an H atom to escape its gravitational potential
(Owen & Alvarez (2015a)), that is, TXUV, e = Tmin, which we
find to be Tmin = 5035 K, with
Tescape =
2
3
GMpmH
kbRp
, (8)
where Mp and Rp are the planet mass and radius, respectively.
In Figure 1 (top) we show Tmin of all the EPs in our sample.
The blue and red points represent the older and younger planets,
respectively.
For this analysis our EP sample is reduced to 28 exoplanets
because in addition to the other stellar parameters we need for
our calculations, we also required the stellar luminosity to ob-
tain the TBB of the planets (Section 2.1). Here we assumed that
all stars lie on the main sequence (MS) and have ηX = 10−3.
Figure 1 (bottom) shows the BB temperature of the EPs purely
due to the bolometric flux of Sgr A* as a function of distance
dSgr A* to Sgr A*. The inserted subplot gives the BB temperature
ranges for the older planets, which encountered the flux of the
active Sgr A*, hence the higher temperatures, ∼ 4 K. The main
plot shows the BB temperatures of the younger EPs, which only
experienced flux of the quiescent Sgr A*, which results in much
lower temperatures, ∼ 0.03 K. Although the temperatures do not
simply add up, this plot is included as a demonstration of the
weak influence that Sgr A* has on the heating of atmospheres
compared to the host stars of the planets.
The calculated TXUV, p for each EP is displayed in Figure 2,
where not all of the 28 planets from the EP sample are plot-
ted for clarity. The XUV flux from Sgr A* contributes a frac-
tion of the total XUV flux traversing the planets: 0.039 − 0.045
erg s−1 cm−2 and 1.36 × 10−10 − 1.48 × 10−10 erg s−1 cm−2 for
the older and younger planets, respectively. The figure shows
that the wind temperatures of 7 of the planets (main plot) reach
103 − 104 K, while another 11 planets (insert subplot) have sig-
nificantly higher TXUV, p, in the range 107 − 1011 K. The rea-
son that these soaring temperatures result from our calculation
is mainly related to three factors: 1) the orbital distance of the
planet around its star (Kepler-70 c, Kepler-70 b, Kepler-21 b,
Fig. 1. (Top) Thermal energy required for an H atom to escape a plane-
tary potential as a function of planet density. The size of each data point
reflects the density of the planet. For example, for Earth, Tmin = 5035 K,
whereas the denser planets have much higher tempratures, above 10000
K. (Bottom) BB temperature vs. distance from Sgr A* of the 28 EPs,
purely due to heating from the active (inserted subplot: older EPs) and
the quiescent (main plot: younger EPs) states of Sgr A*.
Fig. 2. TXUV of the 28 EPs as the result of heating by the stellar and Sgr
A* XUV flux. Some of the planets are not represented in the plot for
clarity.
Kepler-68 b, CoRoT-7 b, GJ 436 c, and K2-106 b; see Table
3.2), 2) the parent star temperature (Kepler-70 c and Kepler-70
b), and 3) the extra flux from the active Sgr A* (Kepler-10 b,
CoRoT-24 b, 55 Cnc e, and EPIC 210894022 b). Such extreme
wind temperatures are of course nonphysical because at temper-
atures ∼ 104 K the gas would be fully ionized and in radiative
equilibrium. In these conditions the gas heats up to 104 K (Owen
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Fig. 3. Distribution of the generated 106, 720 AGN XUV fluxes with
redshift. The shaded areas show the percentage of total flux enclosed
in different ranges of z: 0 6 z 6 0.0005 (red), 0.0005 6 z 6 0.0010
(yellow), 0.0010 6 z 6 0.0015 (green), and z > 0.0015 (blue). 99.7%
of total flux reaches the MW from distances where z 6 0.0015 and the
majority of the AGNs, at large distances, account for only 0.3% of total
flux.
Fig. 4. z and ra KDEs for the SDSS (top panel) and the generated
(bottom panel) samples of AGNs. The distinct dips, due to the lack of
data from these regions of the sky, can be seen in the ra KDE (top).
Based on the SDSS sample distribution, we generated a new full-sky
sample, with an assumed isotropic distribution (bottom).
& Jackson 2012). For any of the EPs in the sample whose calcu-
lated TXUV, p reaches temperatures > 104, we assumed their Tmin
instead because this is in the thermostat temperature range for
all EPs.
3.2. Full-sky AGN sample
The list of AGNs was compiled from the SDSS observations,
which cover only ∼ 15 h of the sky (Pâris et al. 2018; Abol-
fathi et al. 2018). Figure 4 (top) shows the kernel density es-
timates (KDEs) for the SDSS AGN distribution with z (left)
and ra (right), where the distinct gaps due to the lack of data
from these regions of the sky are observed in the KDE of ra.
Upon counting the available SDSS AGNs, we have a rough es-
timate of ∼ 2, 223 AGNs/h. Because the AGN data are coarse,
we generated a model of the AGN distribution covering the full
sky (106, 720), with an assumed isotropic distribution around the
MW (see Figure 4 (top right)).
We modeled the key features of the emission properties
of AGNs using the standard AGN unified model. However, it
should be noted that the exact physical processes that result in
the observed emission of AGN are a highly dynamic topic of on-
going research. The standard physical model of an AGN starts
with a central black hole that is growing through mass accretion.
The accretion luminosity is given by Lacc = ηM˙c2, where η is
the mass-energy efficiency conversion (typically estimated to be
0.1) and M˙ is the mass accretion rate. A theoretical upper limit
on Lacc can be calculated assuming accretion of fully ionized hy-
drogen onto a black hole of mass MBH , balancing the force of
gravity to the radiation pressure from the accretion luminosity.
This upper-limit is called the “Eddington luminosity” and has
the value ∼ 1.3 × 1038 MBHM erg s−1.
The standard AGN model is based on a black hole sur-
rounded by an accretion disk. When this accretion disk is as-
sumed to be optically thick (e.g., Shakura & Sunyaev (1973))
the resulting continuum spectrum is thermal with a blackbody
temperature of ∼ 2× 105 K, which peaks in the UV (10-400 nm)
for a typical AGN (i.e., with MBH ∼ 108M). Around the accre-
tion disk is an optically thin corona where the photons produced
at the accretion disk pass through Compton upscattering to pro-
duce the power-law spectrum of high-energy X-rays of AGN.
The predominant presence of grains in the AGN torus that
are larger than their interstellar counterpart has important astro-
physical implications. In the AGN torus, larger grains mean a
smaller amount of extinction (on a per unit dust mass basis) and
a flatter extinction curve in the UV and optical wavelength range.
Shao et al. (2017) have shown that the dust in AGN torus could
exceed ∼ 0.4µm in radius, which is substantially larger than that
of the Galactic diffuse ISM and indicates a flat extinction curve
for AGNs. For this reason, we chose to neglect its effects in the
present work.
The result of our simple statistical analysis of the simulated
sample of AGNs is given in Figure 3, which shows the distribu-
tion of the 106, 720 AGN XUV fluxes with z. At z 6 0.0005 (red
shaded area in the plot), we find that 366 objects (or ∼ 0.34%)
from the total sample contribute 94.5% of the total flux. In the
range 0.0005 6 z 6 0.0010 (yellow shaded) and 0.0010 6
z 6 0.0015 (green shaded) we find 74 (or ∼ 0.07%) and 76 (or
∼ 0.07%) AGNs, respectively, which add up to 3.5% and 1.7%
of the total flux. Thus, for the simulated sample, we find that
99.7% of the total flux comes from z < 0.0015. Conversely, the
flux of the remaining 106, 204 AGNs at z > 0.0015 (blue shaded)
adds up to only 0.3% of the total flux.
After accumulating all of the 106, 720 AGN fluxes, the
Ftotal/Fmin ratio results in ∼ 0.8. This is a striking result because
it comes very close to Fmin. We conclude that ∼ 500 AGNs are
missing in the range of 0 6 z 6 0.0015 for Ftotal to reach ∼ Fmin
and  = 0.02. Adding these missing AGNs to our sample, we
end up with 107, 220 AGNs from which to calculate the mass
loss.
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Fig. 5. Total mass loss of SWEEPS planet atmospheres in terms of
Earth’s atmospheric mass as a function of distance from Sgr A*. The
red points represent the ultra-short SWEEPS planets, and the yellow
points show only the confirmed SWEEPS planets. The numbering of
the points indicates each planet by name, hence some names are re-
peated in the plot. The green horizontal line indicates Earth’s atmo-
spheric mass, while the red horizontal line represents the mass of the
Mars atmosphere.
Table 4. Total mass loss in the lifetimes of SWEEPS planets. Here the
densities are determined from the masses estimated with the M-P anti-
correlation (Section 2.1.1)
Name ρ (g cm−3) Mlost (g) Mlost (%)
1 1.77 4.73E+21 1.81E-07
2 0.79 1.06E+22 3.68E-07
3 2.90 2.88E+21 1.05E-07
4 1.91 4.38E+21 3.02E-07
5 1.23 6.78E+21 2.98E-07
6 2.48 3.36E+21 1.71E-07
7 2.42 3.44E+21 1.36E-07
8 2.16 3.85E+21 1.32E-07
9 1.75 4.74E+21 1.83E-07
10 1.14 7.28E+21 2.34E-07
11 1.21 6.83E+21 2.73E-07
12 1.85 4.47E+21 2.23E-07
13 3.76 2.20E+21 8.61E-08
14 1.73 4.78E+21 2.40E-07
15 0.83 1.01E+22 3.29E-07
16 0.73 1.14E+22 3.97E-07
Table 5. Total mass loss in the lifetimes of ultra-short SWEEPS planets.
Here the densities are determined with the masses estimated with the P-
M-R relation (Section 2.1.1)
Name ρ (g cm−3) Mlost (g) Mlost (%)
2 0.45 1.85E+22 1.11E-06
8 0.50 1.66E+22 2.47E-06
10 2.09 3.97E+21 6.95E-08
15 1.29 6.42E+21 1.35E-07
16 0.40 2.06E+22 1.31E-06
4. Results
4.1. Sgr A* and the SWEEPS planets
Figure 5 shows the expected atmospheric mass loss in terms of
Earth’s atmospheric mass in the lifetime of the SWEEPS planets
Table 6. Total mass loss in the lifetimes of the SWEEPS 4 and 11 plan-
ets. Here the densities are determined with the real masses and radii of
those planets (Sahu et al. 2007).
Name ρ (g cm−3) Mlost (g) Mlost (%)
4 9.48 8.82E+20 1.22E-08
11 8.92 9.32E+20 5.06E-09
as a function of distance from Sgr A*. This estimation includes
the calculated mass loss that occurred during the active and qui-
escent stages of Sgr A*. In its AGN phase the FXUV reaching the
SWEEPS planets is ∼ 4.7 erg s−1 cm−2, with FXUV \ Fmin ≈ 47
and the analogous efficiency  = 0.1. Since the end of its activ-
ity, the flux of Sgr A* arriving at the SWEEPS planets would be
∼ 1.5×10−8 erg s−1 cm−2, resulting in FXUV\Fmin ≈ 1.49×10−8,
whereby the XUV flux is much too low to result in atmospheric
erosion. All of the mass loss therefore occurs during the AGN
phase. The calculation was repeated for different mass estima-
tions that are indicated in the plot. The blue points show the hot
Jupiter M-P anticorrelation mass estimation we made for all of
the SWEEPS planets. The red points represent the ultra-short
hot-Jupiter mass estimation for the ultra-short SWEEPS plan-
ets (SWEEPS 2, 8, 10, 15, and 16), and the yellow points are
the only confirmed SWEEPS planets (SWEEPS 4 and 11) with
known masses and radii (Sahu et al. 2007). The numbering of
the points indicates each SWEEPS planet by name, hence some
names are repeated in the plot. In the figure the green horizontal
line represents Earth’s atmospheric mass, ∼ 1021.7 g (Forbes &
Loeb 2018), and the red horizontal line represents the mass of
atmosphere of Mars, ∼ 1019.4 g (Forbes & Loeb 2018).
The density range of the blue data points lies between 0.73
and 3.76 g cm−3, and the corresponding mass loss is 1.13 ×
1022 − 2.20 × 1021 g. For the ultra-short SWEEPS 2, 8, and 16,
the situation is more drastic, with a mass loss of about three to
four times the Earth’s atmosphere (1.85 × 1022 g, 1.66 × 1022
g, and 2.0622 g, respectively), where their densities are 0.45, 0.5
and 0.40 g cm−3. The denser ultra-short SWEEPS 10 and 15
(ρp = 2.09, 1.30 g cm−3) are expected to have lost ∼ 10 times
less of their atmospheres, 3.97 × 1021, 6.42 × 1021 g. SWEEPS
4 and 11 (ρp = 9.48, 8.92 g cm−3) experienced the lowest mass
loss of 8.82 × 1020 g and 9.32 × 1020 g, respectively, which still
exceeds the mass of the Mars atmosphere by nearly a factor of
4.
All the mass-loss values are more clearly represented in Ta-
bles 4-6. The tables show the planetary density, the mass lost,
and the percentage of mass lost in terms of their initial mass.
We stress that the percentage of mass loss is calculated from the
planet’s initial bulk mass, not the atmospheric mass, for which
we lack an estimate. However, in the case of Jovian planets, we
can assume that a large portion of their bulk mass is contained in
their atmospheres.
4.2. Sgr A* and the Earth-like planets
4.2.1. H-only atmospheres
Figure 6 shows the total mass loss experienced by the EP sample
in the EP lifetimes as a function of age, with  = 0.1. The main
plot shows the total mass lost by the younger EP sample during
the quiescent stage of Sgr A*. The inset subplot shows the total
mass loss experienced by the older EP sample throughout the
quiescent and active Sgr A* phases. In the inset subplot, the blue
dashed line marks the onset of the AGN phase of Sgr A* 8 Gyr
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Fig. 6. Total mass loss experienced by the EPs in their lifetime as a
function of age, with  = 0.1. main plot) the total mass lost by the
younger EPs sample, inset subplot) total mass loss experienced by the
older EPs. In the inset subplot, the blue dashed line marks the onset of
the AGN phase of Sgr A* 8 Gyr ago, the yellow dashed line represents
the end of its activity 7.95 Gyr ago, and the red dashed line signifies the
mass of the Mars atmosphere. The color of the data points is indicative
of the distance of the planet to Sgr A*.
Fig. 7. Ratio of the flux arriving at the planet to the minimum flux re-
quired for atmospheric mass loss to occur, FXUV/Fmin, as a function of
distance. The inset subplot shows results for the older planet sample
during the AGN phase of Sgr A*, and the main plot presents the results
for the entire EP sample during the quiescent phase of Sgr A*. Here the
color of the points indicates the planet age.
ago, and the yellow dashed line represents the end of its activity
7.95 Gyr ago. Again, the red dashed line signifies the mass of
the Mars atmosphere. The color of the data points is indicative
of the distance of the planet to Sgr A*. The mass loss shown
for the younger planets (main plot) only includes the result for
the quiescent Sgr A* flux because the AGN phase lasted only
50 Myr, therefore the younger planets were born long after Sgr
A* was active. When we assume  = 0., 1 the mass loss is as
shown in Fig. 6, spanning values from 1018 to 1020 g for the
older planet sample, and the much less significant 109 to 1014 g
for the younger planets. Tables 7 and 8 show the mass lost by
the younger and older EPs, respectively, in terms of their mass
and percentage of bulk mass. While the distinguishing lines for
the Jovian planets between the core and the atmosphere are not
clealy defined, this is not the case for the terrestrial planets. In
its lifetime, Earth would have lost ∼ 4 × 1012 g or ∼ 7 × 10−14
% of its bulk mass. When we compare the mass lost to Earth’s
Table 7. Total mass loss of the younger EPs (< 8 Gyr) in their lifetimes.
The mass loss is only due to the quiescent Sgr A*. For this result,  =
0.1.
Name Age (Gyrs) Mlost (g) Mlost (%)
GJ 436 d 6 5.15E+12 3.19E-13
GJ 436 c 6 5.12E+12 3.00E-13
TRAPPIST-1 d 0.5 4.71E+11 1.91E-14
TRAPPIST-1 e 0.5 5.15E+11 1.36E-14
Kepler-70 c 0.0184 1.64E+10 4.13E-16
TRAPPIST-1 f 0.5 7.23E+11 1.81E-14
Kepler-100 c 6.5 7.15E+13 1.39E-12
TRAPPIST-1 b 0.5 6.31E+11 1.23E-14
Kepler-109 b 6.35 5.44E+13 6.98E-13
TRAPPIST-1 g 0.5 4.51E+11 5.63E-15
TRAPPIST-1 c 0.5 3.61E+11 4.38E-15
GJ 1132 b 5 4.01E+12 4.15E-14
K2-3 c 1 2.55E+12 2.03E-14
Kepler-68 c 6.3 1.95E+12 1.50E-14
Kepler-109 c 6.35 4.56E+13 3.45E-13
Kepler-37 b 6 6.00E+10 3.62E-16
Kepler-100 d 6.5 6.51E+12 3.65E-14
Kepler-289 c 0.65 2.64E+12 1.07E-14
Kepler-70 b 0.0184 1.63E+09 6.15E-18
CoRoT-7 b 1.5 9.19E+11 3.25E-15
HD 3167 b 0.83 6.89E+11 2.30E-15
Kepler-21 b 2.84 2.10E+12 6.90E-15
K2-141 b 0.74 4.27E+11 1.35E-15
Kepler-92 c 5.52 1.25E+13 3.68E-14
K2-106 c 5 1.08E+13 3.17E-14
Kepler-68 b 6.3 1.10E+13 3.09E-14
GJ 1214 b 6 1.50E+13 3.88E-14
LHS 1140 b 5 1.88E+12 4.73E-15
Kepler-289 b 0.65 7.73E+11 1.77E-15
Kepler-100 b 6.5 1.69E+12 3.86E-15
K2-3 b 1 1.05E+12 2.13E-15
K2-106 b 5 1.75E+12 3.51E-15
Kepler-88 b 2.45 1.32E+13 2.54E-14
Table 8. Total mass loss of the older EPs (> 8 Gyr) in their lifetimes.
The mass loss is due to the quiescent and active Sgr A*. For this result,
 = 0.1, not true in reality, even when Sgr A* became an AGN.
Name Age (Gyr) Mlost (g) Mlost (%)
Kepler-20 e 8.8 2.86E+18 1.55E-08
Kepler-10 b 10.6 1.29E+19 6.49E-08
CoRoT-24 b 11 1.05E+20 3.06E-07
55 Cnc e 10.2 1.30E+19 2.68E-08
EPIC 210894022 b 10.77 1.03E+19 2.00E-08
current atmospheric mass, the percentage value increases by ∼
106 and results in ∼ 8 × 10−8 % of Earths atmospheric mass lost
in its lifetime so far as a result of the XUV radiation from the
quiescent Sgr A*. Therefore, we expect the percentage of lost
mass, in terms of planetary atmosphere, to be more significant
than it appears in our tables.
When we follow the more careful approach and take  =
(FXUV), we find that at no point in any of the EP lives was
the FXUV strong enough to stir up a wind. Figure 7 shows the
ratio of the FXUV reaching the planets to the Fmin = 0.1 erg
s−1 cm−2 required to bring  up to ∼ 0.02 and give rise to mass
loss (Section 3.1.1) We observe that only the oldest planets in
the sample were anywhere close to receiving Fmin during the
active phase of Sgr A* (inset subplot), with FXUV/Fmin reaching
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Fig. 8. Ratio of the sum of the stellar and Sgr A* XUV fluxes and
Fmin = 0.1 erg s−1 cm2 plotted vs. planet semimajor axis. The red and
blue points represent the younger and older planets, respectively. The
limiting ratio of log10(FXUV/Fmin) = 3.65 (red dashed line) is the point
at which the flow becomes increasingly radiation limited. The size of
the point indicates the temperature of the EP host star.
∼ 0.4. However, they are still too far, at distances ∼ 7.8 − 8.3
kpc, from the Galactic center to be in any way affected. In the
quiescent phase of Sgr A*, we observe a range of FXUV/Fmin
between ∼ 10−9 for all the EPs. This ratio is again much too low
to induce a wind.
4.2.2. H/O atmospheres
In Figure 8 we plot the ratio of the sum of the stellar and Sgr
A* XUV fluxes and Fmin = 0.1 erg s−1 cm2 versus EP sami-
major axis a. The limiting ratio of log10(FXUV/Fmin) = 3.65 is
the point at which the flow becomes increasingly radiation lim-
ited and less energy limited, which requires a different approach.
Because we include the stellar flux in this calculation and be-
cause of the small a of the EPs, essentially all of the planets
intercept fluxes that are too high for the wind to be treated as
energy limited. Because there is no clear transition between the
different flow regimes (McLure & Dunlop 2004; Owen & Al-
varez 2015b), we continue to assume the energy-limited flow
for the other three planets whose flux ratios are not too far
above the limit: TRAPPIST-1 e, TRAPPIST-1 f, and LHS 1140
b (log10(FXUV/Fmin) = 3.95, 3.71 and 3.73). For the remaining
planets in the sample, this is now a more inaccurate estimate be-
cause the radiation-limited treatment is beyond the scope of this
work.
These four exoplanets also have calculated TXUV < 104 K,
therefore the H/O mass loss is calculated with their TXUV (see
Table 9). In this case, the obtained mass loss in the lifetime of
the planet is due to Sgr A* alone because the stellar flux was
used solely to estimate the wind temperature. Keeping  = 0.1,
the calculated mc < mO, meaning, no O is dragged along with
the H flux, and for these planets, the mass loss is the same as
shown in Figure 6 and Table 7. In the case of Earth, we obtain
log10(FXUV/Fmin) = 4.14 and with TXUV = 5035 K, we also cal-
culate mc < mO, therefore no loss of O atoms. For the remaining
24 EPs in the sample, the H/O mass loss was calculated using
TXUV when it is . 104 K or Tmin otherwise (see Tables 9 and
10). Similarly, with  = 0.1 and excluding the stellar flux, the
calculated mc is < mO, for all planets, therefore the mass loss is
only in H and it remains the same as shown in Figure 6 and Ta-
Fig. 9. (Top) The total mass lost vs EP density over a period of 50
Myrs of irradiation by 107, 220 AGNs, up to z = 0.5. The FXUV arriving
at the MW amounts to ∼ 166% of the Fmin, with the corresponding
efficiency of  = 0.06. The densest planets in the sample are not shown
in the graph for clarity. The red, horizontal line indicates the mass of
atmosphere of Mars. (Bottom) same as top, but with  = 0.1.
bles 7 and 8. The consequence of the planet losing H atoms only
relates in fact to water loss because the O atoms left behind are
unable to recombine again with the escaped H to form a water
molecule.
4.3. Neighbor AGNs and the Milky Way Earth-like planets
For a total sample of 107, 220 AGNs we obtain Ftotal = 1.66
Fmin, with the corresponding efficiency of  = 0.06 (Bolmont
et al. 2016). With these values of Ftotal and , we estimated the
total atmospheric mass loss over the period of 50 Myr for the EPs
sample in the MW. Figure 9 shows our results of the total mass
loss as a function of planet density. In the figure (top) we see that
over the period of 50 Myr of XUV irradiation by 107, 220 AGNs,
Earth is expected to lose 3.24 × 1019 g of mass. This amounts
to ∼ 8.47 × 10−7% of its bulk mass or ∼ 0.6 % of its current
atmospheric mass. The lowest density planets (ρp ≤ 1.5 g cm−3)
show much more drastic erosion, spanning 1.3×1020−3.7×1020
g, whereas the densest planets (ρp ≥ 12 g cm−3) lose only about
3.6 × 1017 − 1.4 × 1019 g of mass.
If we increase the efficiency coefficient to  = 0.1, we ob-
serve higher mass loss by a factor of ∼ 1.6, which we show
in Figure 9 (bottom). With this exaggerated , the mass lost by
Earth is 5.45 × 1019 g, which amounts to ∼ 9.13 × 10−7 % of its
bulk mass or ∼ 1 % of its current atmospheric mass. The low-
est density planets (ρp ≤ 1.5 g cm−3) experience mass loss of
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Table 9. First three columns: Calculated TXUV, Tmin , and flux ratios of the younger EPs (< 8 Gyr). Last column: Semimajor axes.
Name TXUV (K) Tmin (K) log10
(
FXUV
Fmin
)
a (AU)
GJ 436 c 5.28E+06 2.23E+03 6.15 0.019
TRAPPIST-1 d 7.94E+03 2.76E+03 4.19 0.021
TRAPPIST-1 e 3.32E+03 3.58E+03 3.95 0.028
Kepler-70 c 4.27E+11 3.94E+03 9.71 0.008
TRAPPIST-1 f 2.08E+03 3.30E+03 3.71 0.037
TRAPPIST-1 b 4.71E+04 4.08E+03 4.76 0.011
TRAPPIST-1 g 6.12E+02 6.15E+03 3.54 0.045
TRAPPIST-1 c 9.25E+03 6.75E+03 4.49 0.015
GJ 1132 b 1.87E+05 7.25E+03 5.40 0.015
K2-3 c 4.41E+04 5.86E+03 4.67 0.141
Kepler-68 c 1.81E+06 1.22E+04 6.42 0.091
Kepler-37 b 8.56E+03 4.48E+04 5.79 0.100
Kepler-289 c 2.44E+05 7.97E+03 5.16 0.330
Kepler-70 3.77E+10 3.02E+04 9.92 0.006
CoRoT-7 b 6.26E+07 1.61E+04 7.40 0.017
Kepler-21 b 1.03E+08 1.60E+04 7.52 0.043
K2-106 c 1.57E+06 1.20E+04 5.94 0.105
Kepler-68 b 1.74E+07 1.34E+04 6.75 0.062
GJ 1214 b 2.64E+05 1.25E+04 5.38 0.014
LHS 1140 b 2.79E+02 2.39E+04 3.73 0.088
Kepler-289 b 2.11E+05 1.76E+04 5.55 0.210
K2-3 b 5.42E+04 1.96E+04 5.18 0.078
K2-106 b 1.25E+08 2.83E+04 7.86 0.012
Table 10. Same as Table 9, but for the older EPs (> 8 Gyr).
Name TXUV (K) Tmin (K) log10
(
FXUV
Fmin
)
a (AU)
Kepler-20 e 8.04E+05 1.84E+04 6.38 0.064
Kepler-10 b 2.67E+08 1.17E+04 7.72 0.017
CoRoT-24 b 1.33E+07 7.99E+03 6.24 0.056
55 Cnc e 9.41E+07 2.10E+04 7.52 0.015
EPIC 2(...) b 5.36E+06 2.33E+04 6.72 0.062
2.4 × 1020 − 6.4 × 1020 g, and the densest planets (ρp ≥ 12 g
cm−3) lose 6 × 1017 − 2.3 × 1019 g of bulk mass.
The effect of SMBH radiation on the known systems in the
Galactic solar neighborhood is difficult to consider because we
lack data: Proxima Centauri b, in orbit of Proxima Centauri
(dEarth = 1.295 pc), with a mass of m sin (i) = 1.3 M⊕, is the
closest potentially habitable planet to the solar system. To date,
the radius of this planet still remains to be established. Without
this crucial information, we are unable to estimate the potential
mass it may have lost through XUV flux of Sgr A* and the neigh-
boring AGN. However, assuming R⊕ for Proxima Centauri b, we
deduce for it an approximate mass loss of 0.8Mlost,⊕. Because the
age of Proxima Centauri is unknown, we adopt for it the age of
the solar system (4.6 Gyr) assuming it was born from the same
molecular cloud. Given its distance from the Galactic center, it
is unlikely that Proxima Centauri b was affected by Sgr A* in
its lifetime. In terms of the XUV radiation from the surrounding
AGNs, its expected bulk mass loss amounts to ∼ 3.46 × 10−7%
( = 0.06) and 5.77 × 10−7% ( = 0.1.
5. Discussion
Before proceeding with the discussion, we briefly summarize the
assumptions we used to analyze the radiation effects of Sgr A*
and z < 0.5 AGNs:
– no photon losses, that is, τ = 0 everywhere,
– LEdd and ηX = 0.7 for all AGNs,
– accretion period of 50 Myr for all AGNs,
– random mass from the distribution of MBH = 107−9M for
all AGNs,
– a spatial distribution of z of the AGNs as obtained from the
SDSS DR14,
– H-only atmospheres for all planets, with the single exception
of H/O atmospheres for the EPs,
– the same distance to all extragalactic AGNs for all MW plan-
ets.
5.1. Sgr A effects
To date, no terrestrial exoplanets are known to exist within the
galactic bulge. Instead, only a handful of hot Jupiters is de-
tected in close proximity to the galactic center. Our study of
the SWEEPS planets shows that the maximum mass loss expe-
rienced by the low-density hot Jupiters at distances d < 0.7 kpc
could be as high as 4MMars by the end of the Sgr A* activity
(Figure 5). Conversely, by our estimates, none of the EPs would
have experienced any atmospheric erosion, with distances > 7.8
kpc, regardless of their bulk density. Although all of the EPs in
our sample are at distances greater than would imply any atmo-
spheric damage to their atmospheres through the activity of Sgr
A*, we cannot exclude the possibility that some of the stars of
these planets migrated within the Galaxy (Loebman et al. 2016),
in which case the EP stars could have been much closer to Sgr
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A* ∼ 8 Gyr ago, where the EPs could have experienced some
atmospheric erosion after all. On the other hand, Prieto et al.
(2004) have explored this scenario for the Sun and concluded
that it most likely formed at its current galactocentric distance.
Previous studies, for example, Forbes & Loeb (2018), con-
cluded that terrestrial planets at distances greater than ∼ 0.1 kpc
from Sgr A* are not likely to be affected with significant mass
loss during the active phase of Sgr A*. Balbi & Tombesi (2017)
estimated the cap at ∼ 1 kpc, with mass loss comparable to that
of Earth’s current atmosphere at distances d ≤ 0.5 kpc. However,
these studies did not use real exoplanet data in their analysis, but
treated the problem statistically and considered only terrestrial
planets with densities comparable to that of Earth, ρ⊕ = 5.5 g
cm−3.
The assumption of pure H atmospheres for all our planets is
not accurate, in particular concerning the EPs. This assumption
is more relevant for the gas giant SWEEPS planets. The energy
required to lift H out of the planetary gravitational potential is
much lower and easier to attain than heavier atmospheric con-
stituents. Considering a typical terrestrial atmosphere, we will
find many more heavy elements and molecules (e.g., H2O, CO2
, and CH4). Our investigation included the consideration of an
H/O atmosphere, that is, the presence of water, being subjected
to XUV flux from the active Sgr A*. We find that the atmo-
spheric heating due to the combined SMBH and stellar fluxes
would not in fact result in the O drag with the escaping H. Our
result implies that as a consequence, after the H2O molecules
have been dissociated, the H escapes, leaving O behind, with no
chance of recombining into H2O again, which leads to water loss
(Bolmont et al. 2016). In addition to these simplifications, the re-
sulting mass loss in H would give us an overestimated value be-
cause we did not account for energy loss (reflected in ) resulting
from the photodissociation of water.
There are claims that some or even significant atmospheric
erosion could be beneficial for the emergence of life, for exam-
ple, in the case of mini-Neptunes (Luger et al. 2015). Further-
more, there are indications that an atmosphere has the potential
of being replenished as the result of ongoing geological events
such as outgassing and volcanism, on whose account Balbi &
Tombesi (2017) suggested incorporating an additional factor into
Equation 1. Marty (2012) used these arguments to explain how
water trapped in the mantle can replenish the surface water con-
tent. On planets with no substantial atmospheres, the develop-
ment or survival of complex life could be in significant danger,
even at distances ∼ 1-10 kpc from the active Sgr A*, in terms
of lethal doses of ionizing radiation infringed upon living organ-
isms (Balbi & Tombesi 2017).
5.2. AGN effects
Considering the cumulative effect of all the surrounding AGNs
(z < 0.5) on atmospheric erosion of the MW EPs, we see a differ-
ent picture. We stress yet again that the inclusion of the external
AGNs as possible sources capable of causing atmospheric ero-
sion has so far never been acknowledged. The sample of 107, 220
AGNs was obtained even though observational data of the SDSS
DR 14 were lacking severely, which means that many more (i.e.,
∼ 500) AGNs could exist in the nearby volume of space. It is
also quite unlikely that our generated sample fully resembles the
AGN distribution in the neighboring universe. With all this con-
sidered, we are surely looking at a large margin of error in our
mass-loss estimates. Upon adding the ∼ 500 AGNs with red-
shifts ≤ 0.0015 to our sample, the total XUV flux from 107, 220
AGNs increased to 1.66Fmin. This is a striking result because this
flux is enough to give rise to a hydrodynamic wind, and so we
expect that the MW planets could have been subject to enough
XUV radiation to induce atmospheric erosion in their past, but it
could also be an ongoing process in the present.
We assumed τ = 0, so that we can expect the influence of
the surrounding AGNs to be of lesser significance than what our
results show. So far, Balbi & Tombesi (2017) have studied the
problem of galactic absorption by assuming optical depths of
τ = 1 in the Galactic plane and τ = 0 at greater angles to it.
Future studies will benefit from similar considerations, ensuring
better constraints on the expected atmospheric mass loss of the
MW planets due to the proximal AGNs. From the analysis of
McLure & Dunlop (2004) it emerges for now that most of the
AGNs show broad lines in their spectra, implying a more face-
on inclination and therefore τ  1. Studying them also sheds
more light onto our inaccurate assumption of LEdd for all AGNs
because most AGNs at z 6 0.5 right now accrete at rates lower
than this (McLure & Dunlop 2004). Future observations with
the Large Synoptic Survey Telescope (LSST) or the European
Extremely Large Telescope (E-ELT) will provide more detailed
information on the nature and characteristics of AGNs and help
greatly in more detailed atmospheric erosion estimations.
5.3. Effects of galaxy mergers
We would like to reflect on possible causes contributing to the
atmospheric erosion because this clarifies the evolution of plan-
etary atmospheres on cosmological timescales. Galaxy mergers
are seen in the local and distant universes. They may affect the
formation of SMBH and trigger AGN activity, as both observa-
tions and theory have shown (e.g., Bundy et al. 2008; Hopkins
et al. 2008). These events are relevant for the future of the MW
because it is bound to eventually collide with the Andromeda
galaxy (Cox & Loeb 2008; Sohn et al. 2012), although there is
no evidence of the MW undergoing a major merger in the last
10 Gyr (Stewart et al. 2008). During such mergers the SMBHs
may be most active, resulting in the enhancement of the XUV
emissions. Van Der Marel et al. (2012) predicted that after the
merger, stars at similar galactocentric distance as the Sun will
have significantly larger orbits than 8 kpc, which places them at
a safe distance from the XUV radiation emitted from the cen-
tral AGN. Additionally, we have now found that the neighbor-
ing AGNs should be included in assessing the overall damage
that planets might experience in their lifetimes. The problem
becomes even more complex as we consider the ever-changing
scale of the universe and the growing distances between galax-
ies. We have to keep in mind that at the time Sgr A* went though
its active phase, other AGNs would exist in the nearby universe,
adding their XUV flux to that of our galactic nucleus. This would
have made the total XUV flux far more effective at the time.
6. Conclusions
We presented a comparative analysis of the influence of Sgr A*
and nearby AGNs (z < 0.5) on the atmospheric mass loss of
Earth-like and SWEEPS planets. For the first time we coupled
exoplanet and AGN data with theoretical models, giving the first
insight into the threatening effects AGNs could pose to planetary
atmospheres at present and in the past. For this goal, we used
the simple analytical estimations of atmospheric mass loss in the
energy-limited regime. A full numerical treatment of radiative
transfer, conduction, and photochemical modeling of the atmo-
sphere incorporated by programs such as ZEUS or the PLUTO-
Article number, page 13 of 17
A&A proofs: manuscript no. preprint
CLOUDY interface will be addressed in future work. We draw
the following conclusions from our study:
– Considering the close proximity of the 16 SWEEPS planets
to Sgr A* (∼ 0.761−0.766 kpc), their age (∼ 10 Gyr), and the
onset of activity of the MW core ∼ 8 Gyr ago, we determined
the upper limit for the mass loss in their lifetime as the result
of XUV flux from the active and quiescent Sgr A*. During
the active phase, the XUV flux arriving at these planets is
∼ 4.7 erg s−1 cm−2, with FXUV/Fmin ≈ 47 and  = 0.1. Our
results show that the low-density hot Jupiters at distances d <
0.7 experienced the maximum mass loss, possibly as high as
4 MMars by the end of the Sgr A* activity. In terms of the
bulk atmospheric mass of these planets, this result is quite
insignificant, however, which is clearly depicted in Tables 4-
6. We observe no mass loss related to Sgr A* in its quiescent
phase because we also showed that FXUV ∼ 1.5 × 10−8 erg
s−1 cm−2, giving FXUV/Fmin ≈ 1.49 × 10−8 for all SWEEPS
planets. In these circumstances, the XUV flux is much too
low to result in atmospheric erosion.
– In the case of the EPs with H-only atmospheres, we found
that at no point in their lifetimes were any of the planets sus-
ceptible to atmospheric mass loss caused by the XUV radia-
tion from Sgr A*. For the younger planet sample (< 8 Gyr),
which includes Earth and the five potentially habitable exo-
planets, it is more obvious as Fxuv/Fmin ≈ 1.4 × 10−9, which
is much too low to give rise to a hydrodynamical wind. For
the older planets (> 8 Gyr), the situation is very different,
with FXUV/Fmin ≈ 0.4 during the active phase of Sgr A*,
this ratio still being too low to induce atmospheric erosion
because all the planets in the sample are at safe distances to
our Galactic center, with dSgr A* ∼ 7.8 − 8.3 kpc.
– We found that at its current luminosity, the XUV flux from
Sgr A*, even with the assumption of ηX = 0.7, is unable to
induce a hydrodynamic wind in any of the planets (EPs and
SWEEPS) in our sample. For this reason, the atmospheric
erosion due to an inactive Sgr A* does not need to be re-
garded as a hazard for life, even at very short distances.
– Considering H/O atmospheres of the 28 EPs, our results in-
dicate that after the dissociation of water molecules, the Sgr
A* XUV flux would result in H escape, leading to water
molecule loss. With the wind temperatures due to the host
star and Sgr A* calculated for the four exoplanets with habit-
able zones (LHS 1140 b, TRAPPIST-1 e, f, and g), we found
that when  = 0.1 and ηX,SgrA∗ = 0.7, the quiescent Sgr A*
XUV flux is causing H mass loss from their atmospheres, but
not O drag. For the remainder of the EP sample, the com-
bined stellar and Sgr A* XUV flux is too high for the wind
to be considered energy limited. However, with our energy-
limited estimates, none of the planets loses any O. In gen-
eral, combined with stellar flux, the XUV flux Sgr A* could
be contributing to atmospheric erosion.
– What we see from the study of the neighboring AGNs (z <
0.5) is the result of the combined FXUV of the generated sam-
ple of 107, 220 AGNs. Their Ftotal = 0.165 erg s−1cm−2, and
 = 0.06. In such circumstances, Earth is expected to lose
∼ 8.47 × 10−7% of its bulk mass or ∼ 0.6% of its current at-
mospheric mass. With  = 0.1, the mass lost by Earth results
in ∼ 9.13 × 10−7% of its bulk mass or ∼ 1% of its current at-
mospheric mass. We lack knowledge about the atmospheric
mass of the exoplanets in our EP sample, but we can con-
servatively conclude that a similar result is expected for the
remaining EPs. Our result is of special interest for the EPs or-
biting within the habitable zone of their stars (TRAPPIST-1
d, e, f, g, and LHS 1140 b). The external AGN activity might
be a factor worth considering in terms of its influence on
shaping of the atmospheres and influencing planetary habit-
ability with time. Here, our underlying assumption was that
τ = 0, in conjunction with all of the nuclei becoming AGNs
at the same time. We therefore conclude that the atmospheric
mass loss, as seen in Figure 9, is the upper limit for the EP
sample for a timescale of 50 Myr because they were already
formed when the AGN flux began. Because galaxy mergers
can affect AGN activity and the MW is on an eventual col-
lision route with Andromeda galaxy, we may expect that the
activity in Sgr A* increases when the collision occurs. In the
past time of the SgrA* active phase, other AGNs would also
have existed, adding their XUV flux to that of our galactic
nucleus. This would have made the total XUV flux far more
effective.
The results obtained in this work are forerunners of those
that we can expect to obtain with the success of future missions,
like the James Webb Space Telescope (JWST), the Atmospheric
Remote-sensing Infrared Exoplanet Large-survey (ARIEL), and
the E-ELT. These missions will be able to provide us with de-
tailed analysis of exoplanet atmospheres, which in turn could
translate into better estimates of erosion in terms of atmospheric
mass rather than bulk mass of the planets. In terms of providing
a better map of the AGNs and galaxies around the MW, the up-
coming data from the E-ELT will also be very beneficial. With
this information, a clearer assessment of the external factors that
influence the time evolution of MW planets will be possible, in
particular, with better treatment of photon absorption within the
galaxies.
Our analysis based on real exoplanet and AGN data confirms
that to determine the evolution of exoplanet atmospheres, it is
essential not only to take into account the impact of radiation
from their host star, but also from the host galaxy and external
AGN emission, with possible consequences for the origin of life
and its development.
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Fig. A.1. M-P relation for the hot Jupiters used to estimate the masses of
the SWEEPS planets, which is necessary for the mass-loss estimation.
The red points represent all the hot Jupiters (P < 10 days) discovered
to date (312 exoplanets) and available in the EPE database. The black
dashed line is the best-fit line, Mp = −0.23P+1.73, for this distribution.
The masses of the 16 SWEEPS planets (blue points) were derived from
the best fit. The size of every data point reflects the size of the planetary
radius.
Table A.1. 16 SWEEPS planet masses in units of Jupiter mass, esti-
mated with the M-P anticorrelation. Names of the SWEEPS planets are
indicated by number.
Name M (MJ)
1 1.37
2 1.52
3 1.44
4 0.76
5 1.20
6 1.03
7 1.33
8 1.53
9 1.36
10 1.64
11 1.32
12 1.05
13 1.35
14 1.05
15 1.61
16 1.51
Appendix A: Mass estimation of the SWEEPS
planets
Appendix A.1: Hot Jupiters
There exists a mass-period (M-P) relation for hot Jupiters. When
we plot the hot-Jupiter masses versus their orbital period (see
also Mazeh et al. 2005; Henning et al. 2018), the anticorrelation
(correlation coefficient: −0.45) between these two parameters is
obvious. In Figure A.1 we show the M-P anticorrelation for 312
hot Jupiters from the EPE database (maroon points), including
the masses of all 16 SWEEPS planets (cyan points) estimated
from the best-fit line (black dashed) Mp = −0.23P + 1.73. We
list the estimated SWEEPS planet masses in Table A.1.
Comparing the masses of SWEEPS 4 and 11 obtained with
the M-P relation with their masses in Table 1, we observe that
this empirical relation is not an accurate mass estimate for these
planets. We should therefore be cautious with assuming the
Table A.2. Ultra-short SWEEPS planet masses in units of Jupiter mass,
estimated with Equation 4.4. Names of the SWEEPS planets are indi-
cated by number.
Name M (MJ)
2 0.878
8 0.355
10 3.01
15 2.5
16 0.83
masses from Table 1 for the remaining 14 SWEEPS planets.
However, because we lack other options, we used these masses
to calculate the atmospheric erosion of the SWEEPS planets due
to Sgr A*.
Appendix A.2: Ultra-short hot Jupiters
It is now understood that an orbit with P < 1 day around the
parent star will result in a Roche-lobe flow of material. There
exists a universal relation between the orbital period Porb, mass
Mp and radius Rp (P-M-R) of the donor planet of mass lower
than the accreting star (Howell et al. 2001),
Porb = 0.4
(
Mp
MJ
)−1/2 (Rp
RJ
)
days, (A.1)
where Rp and Mp are the planet radius and mass, and MJ and
RJ are the Jupiter mass and radius, respectively.
We employed this method to estimate the masses of the ultra-
short SWEEPS planets (2, 8, 10, 15, and 16). This might increase
the accuracy of our mass-loss estimation for these five planets.
In Table A.2 we list the masses of SWEEPS 2, 8, 10, 15, and 16,
indicated by the corresponding number in the table, as estimated
with the above relation.
Appendix B: Distance on cosmological scales
The luminosity distance DL essentially defines the actual dis-
tance traveled by photons from the object to the observer because
it accounts for the expansion of the universe. For an object with
redshift z, DL is defined as
DL = (1 + z)Dm(z), (B.1)
where Dm(z) is the comoving distance, which in a flat uni-
verse is defined as
Dm(z) = DH
z∫
0
dz√
Ωm(1 + z)3 + ΩΛ
, (B.2)
where Ωm and ΩΛ are the matter and vacuum density param-
eters, respectively, and DH = cH0 is the Hubble distance, where
H0 is the Hubble constant.
Appendix C: Time dilation
In an expanding universe, the cosmological timescales observed
on Earth are no longer the same. To avoid inaccurate estimations,
the time dilation due to to redshift z must be considered,
to = s(1 + z)te, (C.1)
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where s is the stretch factor, estimated at ∼ 1, while to and te
are the observed and emitted timescales, respectively (Goldhaber
et al. 1996). It is evident from Equation (C.1) that this effect be-
comes increasingly important at higher redshifts. The rest-frame
timescale of 50 Myr for an AGN at z = 0.5 would be observed on
Earth for a period longer by 25 Myr. These AGNs contribute the
least to the total FXUV due to their distance, therefore including
this time dilation would have a very weak effect on our result.
Article number, page 17 of 17
